The recent success of channelrhodopsin in optogenetics has also caused increasing interest in enzymes that are directly activated by light. We have identified in the genome of the bacterium Beggiatoa a DNA sequence encoding an adenylyl cyclase directly linked to a BLUF (blue light receptor using FAD) type light sensor domain. In Escherichia coli and Xenopus oocytes, this photoactivated adenylyl cyclase (bPAC) showed cyclase activity that is low in darkness but increased 300-fold in the light. This enzymatic activity decays thermally within 20 s in parallel with the red-shifted BLUF photointermediate. bPAC is well expressed in pyramidal neurons and, in combination with cyclic nucleotide gated channels, causes efficient light-induced depolarization. In the Drosophila central nervous system, bPAC mediates light-dependent cAMP increase and behavioral changes in freely moving animals. bPAC seems a perfect optogenetic tool for light modulation of cAMP in neuronal cells and tissues and for studying cAMP-dependent processes in live animals.
The recent success of channelrhodopsin in optogenetics has also caused increasing interest in enzymes that are directly activated by light. We have identified in the genome of the bacterium Beggiatoa a DNA sequence encoding an adenylyl cyclase directly linked to a BLUF (blue light receptor using FAD) type light sensor domain. In Escherichia coli and Xenopus oocytes, this photoactivated adenylyl cyclase (bPAC) showed cyclase activity that is low in darkness but increased 300-fold in the light. This enzymatic activity decays thermally within 20 s in parallel with the red-shifted BLUF photointermediate. bPAC is well expressed in pyramidal neurons and, in combination with cyclic nucleotide gated channels, causes efficient light-induced depolarization. In the Drosophila central nervous system, bPAC mediates light-dependent cAMP increase and behavioral changes in freely moving animals. bPAC seems a perfect optogenetic tool for light modulation of cAMP in neuronal cells and tissues and for studying cAMP-dependent processes in live animals.
Non-invasive manipulation of intercellular processes by light-activated proteins has recently developed as an emerging scientific field (1) . The wide application of channelrhodopsin (ChR) 2 in the neurosciences as an inheritable protein with retinal as a ubiquitous chromophore has strongly promoted the young field of optogenetics (2, 3) . ChR is so well appreciated in this context because it modulates the membrane voltage as a universal parameter relevant for basically all neuronal cells. The protein is small and non-toxic, the cofactor retinal is available in all animal cells, and a once transformed organism inherits the light sensitivity to the next generation. This success stimulated the demand for novel genetically encoded light-activated proteins that modulate other general cellular parameters such as the second messengers Ca 2ϩ , cAMP, cGMP, or inositol triphosphate. To become useful tools for cell biology and neuroscience, such light-gated enzymes would have to work well in all classical experimental systems and use ubiquitous cofactors as light sensors.
Promising examples in this direction are the light-gated adenylate cyclases PAC␣ and PAC␤ of the unicellular flagellate Euglena gracilis (euPACs), where they serve as an ␣ 2 ␤ 2 photoreceptor complex that senses light for photophobic responses and phototaxis (4, 5) . However, both euPACs are large proteins with two BLUF photoreceptor domains (F) (6) and two cyclase domains (C) in an FCFC arrangement (see Fig. 1a ) functioning in the flagellate as a tetrameric complex. The purified protein complex shows some cyclase activity in the dark that is stimulated 80-fold in the light. In Xenopus oocytes and in HEK cells, the activity of euPAC␣ was much higher than that of euPAC␤ (7) , suggesting that euPAC␣ would be an appropriate tool for manipulating cAMP levels in host cells and animals. In fact, ubiquitous expression of eu-PAC␣ in Drosophila leads to a lethal cAMP increase, whereas pan-neuronal euPAC␣ expression yielded strong effects on the grooming behavior of adult fruit flies in response to blue light (7) . Despite these promising experiments, PAC proteins were not widely accepted for the study of neuronal or developmental cAMP-dependent processes. The main obstacles are the large molecular mass of above 100 kDa, low solubility, significant dark activity, and only moderate activation by light (7).
Here we introduce a novel PAC from Beggiatoa, a sulfideoxidizing bacterium that colonizes large areas of sea ground in the form of widely extended microbial mats (8) . The chemolithoautotrophic metabolism allows Beggiatoa to utilize oxygen or nitrate as electron acceptors during sulfide oxidation (9, 10) . A recently deposited genome sequence revealed the presence of a gene, putatively encoding a 350-amino acid protein, consisting of a blue light-sensing BLUF domain linked C-terminally to a Type III adenylyl cyclase (see Fig. 1a ) (11) . All amino acids considered as critical for the catalytic mechanism are conserved as highlighted in Fig. 1b . The amino acids are arranged in such a way that we expect the protein to function as a homodimer in accordance the structure of Type III cyclases (see Fig. 1c and Ref. 11) . (see Fig. 1c) .
We proved the bPAC activity first in Escherichia coli, analyzed the spectral properties on the purified protein, and tested the applicability and kinetics in Xenopus oocytes, rat hippocampal pyramidal cells, and the Drosophila CNS in light and darkness. Despite its small size, bPAC performed in most respects superior to euPAC. bPAC shows lower dark activity and a better stimulation of the activity in the light. We demonstrate that light-induced cAMP elevations in neurons are highly reproducible and proportional to the light dose, making non-invasive light control of cAMP possible in cell biology and the neurosciences.
EXPERIMENTAL PROCEDURES
Cyclase Activity in E. coli-E. coli-optimized synthetic DNA encoding the photoactivated cyclase bPAC of Beggiatoa sp. (accession number GU461307) was purchased from Mr. Gene (Regensburg, Germany) and was cloned in-frame behind the N-terminal His 6 tag and SUMO epitope into a pET SUMO vector (Invitrogen). The protein was expressed in E. coli strain BTH101 at 30°C in 200 M isopropyl-1-thio-␤-D-galactopyranoside for 2 h. Both transformed and non-transformed cells were plated on MacConkey agar (Difco), pH 7.5, containing 1% maltose and incubated at 30°C overnight in darkness or in white light (average intensity: 8 W m Ϫ2 white light). Protein Purification-For purification, the bPAC SUMO fusion construct was expressed in E. coli strain BL21 DE3 at 18°C in LB induced with 60 M isopropyl-1-thio-␤-D-galactopyranoside for 48 h. bPAC was purified on cobalt-containing nitrilotriacetic acid resin (Clontech) in 50 mM NaH 2 PO 4 (pH 7.5), 300 mM NaCl, 0.1 mM phenylmethylsulfonyl fluoride (PMSF) buffer according to the supplier's instructions. The eluate was dialyzed two times against 200 volumes of buffer and concentrated by ultrafiltration (Amicon Ultracel, molecular weight cut-off 10,000, Millipore).
Oocyte Electrophysiology-Oocytes from Xenopus laevis and human cystic fibrosis transmembrane conductance regulator (CFTR) cRNA were prepared as described before (12) . We used bPAC DNA codon-optimized for expression in human cells (0810735_Beggiatoa_Mammal_pMK, Genbank TM accession number GU461307 or GU461306). The DNA (Mr. Gene) was inserted between the BamHI and BsiWI of the pGEMHE vector (13), a derivative of pGEM3z (Promega, Madison, WI) including a C-terminal myc tag. The Nhe-linearized plasmids were used for the in vitro generation of cRNA with the mMESSAGE mMACHINE T7 Ultra kit (Ambion, Austin, TX). For the cyclic nucleotide-gated cation channel (CNG channel) assay, 100 pg of bPAC mRNA and 20 ng of RNA encoding the olfactory CNG channel variant C460W/E583M (14) (kindly provided by J. W. Karpen, Oregon University) were injected into oocytes and incubated for 3-5 days at 16 -18°C in Ringer solution (96 mM NaCl, 5 mM KCl, 2 mM CaCl 2 , 1 mM MgCl 2 , 5 mM MOPS or 5 mM HEPES (pH 7.5) with streptomycin (1 mg/ml) and penicillin (1 mg/ml)). For the CFTR assay, we injected 20 pg of bPAC RNA and 1 ng of CFTR RNA. Current recordings were performed with a GeneClamp 500 (Axon) at sampling rates between 500 Hz and 5 kHz. For recordings under pulsed light conditions, oocytes were excited with 450 nm light of a 75-W Xenon lamp (Osram). The oocyte in the two-electrode voltage clamp experiment was protected from intense ambient light so that exposure did not exceed 84 nW/cm 2 . Oocytes were monitored with a binocular under orange (Ͼ515 nm) light.
Immunological Quantification of cAMP i -cAMP was detected by a competitive immunoassay (Correlate-EIA, Assay Designs, Ann Arbor, MI) as described previously (7). Cyclase activity of purified recombinant protein was also assessed with this assay by incubation of 10 g of bPAC in 24 l of a solution of 300 mM KCl, 50 mM Hepes-Tris, pH 7.4, 1 mM MgCl 2 , 100 M MgATP at room temperature (21°C). The reaction was stopped with 220 l of 0.1 M HCl.
Spectroscopy-Single wavelength kinetics were recorded in a Cary300bio (Varian, Palo Alto) UV-visible spectrometer at 489 nm. The protein was excited with a 455 nm LED (1-W Royal Blue, Luxeon Star, effective power 0.9 milliwatt mm
Ϫ2
). For recordings of transient absorption spectra, a faster setup was used comprising a Shamrock 303i imaging spectrograph with an Andor iStar ICCD (Andor Technology, Belfast, Ireland). The spectrum of the late photoproduct was recorded 2 s after the application of a 500-ms flash of a 455 nm LED (0.9 milliwatt mm Ϫ2 ). The probe light from a short arc xenon lamp (XBO 75 W) was applied by an optical fiber, transferred to a spectrograph, and then mapped on the ICCD chip of the camera. To minimize actinic effects, the probe light was interrupted with a VS-25 shutter (Uniblitz, San Francisco) to 90-ms dark/10-ms light. Furthermore, the intensity was reduced until 10 subsequent dark spectra appeared constantly. The spectra shown in Fig. 3a are averages of 10 discrete spectra, further smoothed by low pass-filtering the amplitude representation of the Fourier series expansion.
Electrophysiology of Hippocampal Neurons-Hippocampal slice cultures from Wistar rats were prepared at postnatal days 4 -5 as described previously (15), according to Swiss veterinary regulations. Neurons were co-transfected with DNA encoding bPAC, CNG-A2 (C460W/E583M), and RFP (tdimer2, a gift from R. Y. Tsien, University of California, San Diego, CA) under control of the neuron-specific synapsin 1 promoter using a Helios Gene-Gun (Bio-Rad). Whole-cell patch clamp recordings were conducted at 30°C in artificial cerebrospinal fluid (16) containing 1 M tetrodotoxin, using potassium gluconate intracellular solution. For photostimulation of bPAC, a 100-W mercury arc lamp was controlled by a mechanical shutter (Uniblitz), attenuated by a series of neutral density filters and an eGFP excitation filter (BP470/40). Light intensity was measured at the back aperture of the objective (LUMPlan 60 ϫ 0.9NA) and divided by the field of view (0.1 mm 2 ). Generation and Analysis of Transgenic Drosophila-The bPAC cDNA was subcloned into the pUASt fly transformation vector via EcoRI and KpnI restriction sited, and transgenic flies were generated by standard procedures (BestGenes Inc., Chino Hills, CA). Flies containing elav-Gal4 and appro-priate PAC transgenes were F1 progeny of homozygous parental lines. cAMP was quantified from groups of 10 brains dissected in Drosophila Ringer solution under red light and 10 min with blue light (455 nm, 20 milliwatts mm Ϫ2 ) when appropriate. Immediately afterward, brains were processed following the manufacturer's instructions (catalog number 900-066, Assay Designs).
Grooming Assay-For behavioral experiments, we used female Drosophila aged 3-5 days after eclosion in an assay modified after Ref. 7 . Illumination regimes contained either dim red light (Ͼ650 nm, 10 milliwatts mm Ϫ2 ) or intense blue light (455 nm, 40 milliwatts mm Ϫ2 ) to provoke "freezing behavior" in a light-dependent manner. Delay times for behavioral changes were determined from videotapes of individual animals.
Statistical Analysis-Numerical data are presented as mean Ϯ S.E. Statistical differences were analyzed using Student's t test.
RESULTS
To test the function of the protein encoded by the published bPAC sequence, we cloned bPAC into a cAMP-deficient E. coli strain in which lactose and maltose cannot be fermented (17) . On MacConkey agar plates, cAMP-deficient bacteria produce ammonia and form slow growing white colonies (Fig. 1d) . Expression of bPAC rescued their maltose metabolism, as seen from the improved growth and red color of transformed colonies in Fig. 1d . Differences between lightand dark-grown plates were not detected. We concluded that bPAC is a functional adenylyl cyclase.
To test the light dependence of the new cyclase in a eukaryotic cell, we have expressed bPAC in Xenopus oocytes in conjunction with two cAMP-dependent ion channel systems (Fig.   2a) . First, 100 pg of bPAC-RNA were injected into oocytes in combination with RNA encoding an olfactory CNG channel (14) . After 3-4 days of expression, we measured large lightinduced inward currents that peaked ϳ50 s after the light pulse (Fig. 2b) . Current decay was slow, and the resting conductance was reached after ϳ5 min in the dark. In a second approach, we employed the CFTR, an anion channel with indirect cAMP dependence and higher sensitivity. The cAMPdependent protein kinase (PKA) phosphorylates CFTR, thus triggering transition to the open state (Fig. 2a) . CFTR currents had slower rise times, peaking ϳ100 s after the light pulse, but decayed faster when compared with the CNG currents (Fig. 2b) . To estimate absolute cAMP levels under light and dark conditions, oocytes expressing bPAC only (2 ng of bPAC-RNA) were tested for cAMP using an ELISA assay. After 4 days of expression in the dark, cAMP levels were 3.5 M, slightly but significantly above the level of control oocytes (2.0 M). Following a 1-min light pulse, cAMP levels reached values up to 140 M. Assuming that bPAC dark activity was responsible for the 1.5 M increase above baseline, these values correspond to an ϳ100-fold increase in cyclase activity after illumination.
To investigate the relation between the bPAC photoreceptor states and enzymatic activity, we expressed bPAC in E. coli and purified it via affinity chromatography. The absorption spectrum of the purified bPAC showed the typical BLUF fine structure with a maximum at 441 nm (18) (Fig. 3a) . Upon irradiation, the absorption band became less structured and was shifted by 12 nm to longer wavelengths, in accordance to the photochemical properties of other BLUF photoreceptors. The recovery of the dark state (Fig. 3b) was relatively fast with a off ϭ 12 s at pH 7.5 in phosphate buffer at room tempera- ture. Next, we measured the timing of cyclase activity in vitro. After a light flash of 4 s, cAMP continued to rise in the dark with a time constant ϭ 23 Ϯ 2 s at pH 7.4 ( Fig.  3c) , which is in fair agreement with the decay of the BLUF signaling state.
A parameter of great practical importance is the light intensity dependence of the enzymatic activity of bPAC. We measured cAMP concentrations in test tubes with purified bPAC protein after illumination for 1 min with blue light of variable intensity and obtained a Michaelis-Menten-type saturation curve (475 nm, Fig. 3d ) with a half-saturation constant of 3.7 Ϯ 0.4 W mm Ϫ2 . This low value is consistent with a photocycle in the range of 10 s and demonstrates the very high sensitivity of bPAC to light. Dark activity of bPAC was 33 Ϯ 5 pmol of cAMP min Ϫ1 mg Ϫ1 of protein. For the maximal activity in the light, we obtained a value of 10 Ϯ 2 nmol of cAMP/min/mg of protein (Fig. 3d) , corresponding to a 300-fold increase in enzymatic activity. FIGURE 2. bPAC activity in Xenopus oocytes. a, principle of the electrical assay. CFTR is activated by phosphorylation via an oocyte-endogenous PKA, whereas the CNG channel is directly activated by cAMP binding. I, current; V, voltage. b, photocurrents evoked by a 500-ms light pulse (450 nm) after coexpression of bPAC and CNG channel (dark red trace (trace 1)) and currents evoked by an 8-s (large arrow) or a 100-ms (small arrow) light pulse after co-injection of bPAC and CFTR (blue trace (trace 2)). Currents were measured at Ϫ40 mV for CFTR and CNG channels. In both test systems, the current reached values up to about Ϫ0.3 A. 
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This large dynamic range combined with its high sensitivity to light made bPAC a promising tool to modulate brain function.
To test its applicability to neurons, we have expressed bPAC in CA1 pyramidal cells in conjunction with CNG channels and dimeric red fluorescent protein (tdimer2). Red fluorescent labeling of PAC-transfected cells is advantageous because the wavelength for RFP excitation (ϳ540 nm) is well beyond the BLUF absorption, which makes it easy to select cells for electrophysiological recordings without activating bPAC. 10 days after transfection, neurons were viable and had a normal appearance (Fig. 4a ). Dim light pulses of 100-ms duration (470 nm, 0.12 milliwatt mm Ϫ2 ) evoked large inward currents (Fig. 4b) , indicating rapid cAMP production in the transfected neurons. As expected, extension of pulse duration induced stronger and longer lasting CNG currents (Fig. 4c) . At high light intensities (100 milliwatts mm Ϫ2 ), CNG currents rapidly saturated but were still fully reversible (Fig. 4c, gray  curves) . In control experiments with non-transfected neurons, identical illumination did not evoke any currents. At all tested light doses, CNG currents peaked rapidly (Ͻ3 s) and were highly reproducible, indicating precise control of intracellular cAMP concentration (cAMP i ) by light. Pharmacological stimulation of endogenous AC with 100 M forskolin and simultaneous inhibition of phosphodiesterases with 100 M IBMX also activated CNG currents but with a much slower time course (3-4-min rise time, Fig. 4d ). Interestingly, although combined forskolin/IBMX application is considered a very strong stimulation leading to "chemical Long-Term Potentiation" (19) , forskolin/IBMX application did not fully occlude light-induced CNG currents, suggesting that bPAC outperformed the pharmacological mixture.
To directly compare the activities of bPAC and euPAC␣, we performed a second set of experiments on hippocampal neurons by co-transfection with euPAC␣, CNG, and RFP, using the same amounts of DNA as in bPAC experiments. In response to light pulses of saturating intensity, both PACs were able to induce large photocurrents (up to 1 nA), sufficient to induce action potential firing in many neurons under current clamp conditions. bPAC-induced currents peaked later than those of euPAC (bPAC, one-half peak after 723 ms Ϯ 101 ms; euPAC␣, one-half peak after 227 ms Ϯ 40 ms) and were much longer lasting (bPAC, decay 19.0 s Ϯ 2.8 s; Fig.  5 , a and b, euPAC␣, decay ϭ 2.7 s Ϯ 0.1 s), confirming the slow inactivation of bPAC. As a consequence, at light intensities that kept cAMP below CNG current saturation, peak currents were similar for both PACs (Fig. 5c ), but in bPAC-transfected cells, the integrated current (total charge transfer) was significantly larger (Fig. 5d) . Vice versa, to produce comparable amounts of cAMP in euPAC␣-expressing neurons, light dose had to be increased by at least 3 orders of magnitude. Because bPAC is able to produce large cAMP elevations in response to dim blue light pulses, it will be eligible for studies cAMP-mediated processes in cells deep below the surface of the brain. The previously described euPAC␣, on the other hand, might be advantageous for experiments in which subsecond temporal control is necessary and light dose is not a limiting factor.
Applicability of bPAC was also tested in Drosophila. We targeted expression of bPAC to the Drosophila central nerv- . b, light-evoked cAMP-gated current at 0.14 milliwatt/mm (2) . Arrow, 100-ms light pulse. The enlarged inset shows miniature excitatory postsynaptic currents. c, light-evoked cAMP-gated currents in one pyramidal cell at four different light doses (black traces, 0.14 milliwatt/mm 2 for 50, 100, and 1000 ms; gray traces, 109 milliwatts/mm 2 for 1 s). Traces were low pass-filtered at 10 Hz to remove miniature excitatory postsynaptic currents. At all stimulation intensities, currents were fully reversible and highly reproducible. CNG currents saturated at 0.14 milliwatt ϫ s mm Ϫ2 . d, light-evoked cAMPgated currents before and after forskolin (100 M) ϩ IBMX (100 M) wash-in. During forskolin/IBMX wash-in (dashed line, 5 min), holding current increased from Ϫ108 pA to Ϫ446 pA. Forskolin/IBMX application only partially occluded light-induced currents.
ous system (CNS) using euPAC as control. We used the neuron-specific elav-Gal4 driver and quantified cAMP levels in dissected brains (Fig. 6a) . Basal cAMP dark levels did not significantly differ between genotypes (p Ͼ 0.05). The addition of 100 mM IBMX increased dark levels of cAMP in euPACexpressing Drosophila but had no effect on bPAC transgenes, indicating significant dark activity of euPAC, but not bPAC (p Ͻ 0.01, see further details under "Experimental Procedures" and the figure legends). After photoactivation, both transgenes showed strongly increased levels of brain cAMP (p Ͻ 0.001).
In a small animal like Drosophila, photoactivation of PAC transgenes can be achieved through the cuticle of live animals. As described previously, grooming activity stops when cAMP is elevated throughout the CNS (7). Here we used this effect to compare in vivo applicability of bPAC and euPAC␣, focusing on the delay of behavioral changes after short illumination. When compared with euPAC transgenes, bPAC-expressing flies exhibited a significantly faster response onset (p Ͻ 0.05). After light-off, it took an average of 34 s until bPAC flies resumed grooming, confirming the more powerful and prolonged cyclase activity of bPAC (p Ͻ 0.01, Fig. 6b ).
DISCUSSION
With the experiments described above, we introduce an adenylyl cyclase with properties that are superior for application in most respects over the previously described PAC␣ of E. gracilis. We demonstrate that bPAC is functional in bacteria, fruit flies, frog oocytes, and rodent neurons and can be purified from E. coli for biophysical studies. The advantages of bPAC over euPAC␣ are the following. (i) bPAC DNA is only about one-third the size of euPAC␣, and it is more conveniently handled in host vector systems, especially if viral vectors with limited maximal packing volume are used. (ii) Because of the fact that only one photoreceptor domain is present, modification of the photoreceptor kinetics (20) and Traces were low pass-filtered to remove miniature excitatory postsynaptic currents. b, time to half-peak current and current decay time constant were significantly longer in bPAC-expressing neurons when compared with euPAC␣-expressing neurons (bPAC, n ϭ 8 conditions (three light doses, five cells); euPAC: n ϭ 7 conditions (four light doses, three cells); ***, p Ͻ 0.001). c, under subsaturating conditions, light dose dependence of peak currents was similar for bPAC-and euPAC␣-expressing neurons. d, total charge transfer (integrated current) was ϳ8 times higher in bPAC-expressing neurons when compared with euPAC␣-expressing neurons. nC, nano Coulomb. FIGURE 6. Transgenic bPAC and euPAC␣ exhibit different levels of dark activity and affect grooming behavior in freely moving Drosophila. a, expression of euPAC␣ transgenes (elav::euPAC␣) resulted in distinctive dark activity, which was revealed by the phosphodiesterase blocker IBMX. Dark activity was not observed upon bPAC expression (elav::bPAC) or in wild type Canton-S control animals. Photoactivation of either PAC transgene resulted in a 10-fold increase in cAMP with no statistical difference between final concentrations of cAMP derived from either euPAC␣ or bPAC (n ϭ 11/ group). 100 M IBMX was used to block phosphodiesterase activity; light activation of cyclase transgenes was performed in 100 M IBMX and irradiation (5 min, 455 nm, 40 milliwatts mm Ϫ2 ). b, photoactivation of pan-neuronally expressed PAC transgenes affects grooming activity, resulting in stereotypic freezing behavior (7). bPAC-expressing flies freeze significantly faster in blue light than euPAC␣ flies (n ϭ 11/group). They also take significantly longer to resume grooming behavior in the dark. Data represent means Ϯ S.E.; *, p Ͻ 0.05; **, p Ͻ 0.01; ***, p Ͻ 0.001; ns, not significant. the enzymatic active state lifetime will be more straightforward. (iii) It is likely that bPAC is active as a homodimer, like most prokaryotic Type III cyclases, resulting in a complex three or six times smaller than the tetrameric euPAC (4, 33) . (iv) Light stimulation of the purified euPAC complex resulted in an 80-fold cyclase activity (4), whereas we determined a 300-fold increase in activity for bPAC. (v) Due to the long life time of the active state, the half-saturating light intensity is low, and bPAC needs ϳ1000 times less light than euPAC␣ to generate comparable steady state levels of cAMP in neurons.
The temporal precision of cAMP control by light is limited by the inactivation time of PAC but also by the activity of endogenous cyclic nucleotide phosphodiesterases. The correlation between the life time of the BLUF signaling state and activity of the cyclase tells us that the cyclase is not only activated by the BLUF domain but also inactivated by its transition back to the dark state. Moreover, the high phosphodiesterase activity in hippocampal neurons achieves a tight correlation between the BLUF signaling state and the cAMP level (19 s, Fig. 5b ). In oocytes, this correlation is lost due to low phosphodiesterase activity and long diffusion pathways (Fig.  2b) . Thus, neurons are ideal candidates for light control of cAMP signaling with high temporal accuracy. These kinetic comparisons have never been done for any euPAC because no recombinant full-length euPAC could be purified in an active and soluble state.
An important issue for application of light-activated enzymes is the difference in activity in light and darkness (dynamic range). Dark activity may pose an experimental problem because it changes the properties of transfected cells or tissues even during PAC expression before the actual experiment is started. The absence of any measurable dark conductance has been a great advantage of the channelrhodopsins. In contrast, most light-activated enzymes with a flavin-based BLUF-or (light, oxygen, voltage sensor)-type photoreceptor domain show significant dark activity, and their light activation is less than 10-fold (21, 22) . This is also true for proteins with engineered photoreceptor function such as the lightactivated Rac (10-fold) (23) or the light-modulated DNAbinding protein the Moffat group has recently designed (5.6 Ϯ 2.5-fold) (24) . An exceptional case is the designed light-activated kinase YF1, the activity of which is high in the dark and suppressed 1000-fold in the light (25) . However, due to the microbial target, this kinase can hardly be employed in animals and, second, in most experiments, activation of the enzyme and not inactivation is preferred. This large dynamic range of bPAC with 300-fold light activation suggests that any potential problem associated with dark activity could be remedied simply by using a weaker promoter to drive bPAC expression. Thus, careful analysis of intracellular cAMP levels is mandatory in any experimental application of PAC transgenes, and various analytical techniques are available, e.g. immunodetection by ELISA, electrophysiological quantification, or use of FRET-based imaging techniques (7, 26, 27) .
Across many species, the cAMP system in neurons has been shown to be crucial for learning and memory (28) . Classical examples are the Drosophila learning mutants dunce and rutabaga that affect cAMP metabolism in opposite directions.
From presynaptic short term plasticity to cAMP-inducible gene expression and long term plasticity, synapses transiently or persistently change their transmission characteristics in response to elevated cAMP i (29, 30) . To manipulate cAMP i in neurons, most studies have used mutant animals or pharmacological agents (e.g. forskolin), methods that lack the precise temporal resolution, single-cell specificity, and quantitative control that can be readily achieved with light-activated PAC (7, 31) . As an application example, optical control of cAMP i will allow researchers to dissect which forms of synaptic plasticity are triggered by pre-or postsynaptic signals, a distinction that has been notoriously difficult to make in the past. Furthermore, the sharp drop of the bPAC absorption spectrum at 500 nm might allow researchers to combine it with red-shifted variants of ChR2 (32) for independent optical control of cAMP i and the membrane voltage E m . This combination could be useful to probe second messenger systems within individual cells or to activate two populations of neurons by blue and green light, respectively. In summary, we show that the PAC from Beggiatoa is well tolerated by neurons and allows for rapid and reproducible control of cAMP i using very moderate levels of blue light.
